were gathered. The asymmetric unit in the crystal structure of the new pentahydrate incorporates the discrete molecular complex [Ni(ox)(bpy) 2 ] and five solvent water molecules. Within the complex molecule, all three ligands are bonded as chelates. The complex molecules are involved in an extended system of hydrogen bonds with the solvent water molecules. Additionally, -interactions also contribute to the stabilization of the extended structure. The dehydration of the pentahydrate starts at 323 K and proceeds in at least two steps as determined by thermal analysis.
Introduction
The oxalate dianion is well known as a versatile ligand which can adopt a large range of coordination modes (Castillo, Luque, Lloret & Romá n, 2001; Liu et al., 2007; Paredes-García et al., 2011) . As a bridging ligand it is able to mediate strong exchange interactions between paramagnetic metal ions separated by more than 5 Å , which is the basis for the synthetic and magneto-structural investigations of these complexes (Keene et al., 2009; Castillo, Luque, Romá n et al., 2001; Chun et al., 2009; Coronado et al., 2008) .
As part of our current research on such compounds we have undertaken a study of the system Ni II -bpy-ox (bpy is 2,2 0 -bipyridine and H 2 ox is oxalic acid). Previously, the mononuclear complex [Ni(ox)(bpy) 2 ]Á4H 2 O was isolated and structurally characterized (Romá n et al., 1995) . In addition, with Cu II present during the synthesis, the partially substituted compound [M(ox)(bpy) 2 ]Á4H 2 O (M = 0.95Ni:0.05Cu) was also isolated and characterized (Kuchá r et al., 2009) . We were successful in preparing the title complex, [Ni(ox)(bpy) 2 ]Á-5H 2 O, (I), only by lowering the crystallization temperature to 281 K. The isostructural compounds [M(ox)(bpy) 2 ]Á5H 2 O (M = Co, Zn), which have already been reported, were formed at room temperature (Š estan et al., 2004; Š estan Jurić et al., 2006) .
Experimental
Elemental analysis was performed on a Perkin-Elmer 2400 Series II CHNS/O analyser. IR spectra in the range 4000-400 cm À1 were recorded on a Perkin-Elmer Spectrum 100 CSI DTGS FT-IR spectrophotometer with a UATR one-bounce KRS-5 accessory. The thermogravimetric (TG) and differential thermal analysis (DTA) curves were recorded on a TA 2960 SDT V3.0F instrument under the following conditions: heating rate = 2 K min À1 , nitrogen atmosphere, temperature range = 293-973 K, aluminum crucibles.
Synthesis and crystallization
NiCl 2 , K 2 C 2 O 4 ÁH 2 O, 2,2 0 -bipyridine and ethanol (96%) were purchased from commercial sources and used as received.
A water solution of NiCl 2 (1 mmol, 129.6 mg in 5 ml) was added dropwise with stirring to a water solution of K 2 C 2 O 4 ÁH 2 O (2 mmol, 368.5 g in 7.5 ml), giving a green solution. An ethanol solution of 2,2 0 -bipyridine (2 mmol, 312.4 mg in 7.5 ml) was added dropwise. Initially, a blue solid was formed, which subsequently dissolved to give a claretcoloured solution. The solution thus formed was mixed for 10 min, filtered and poured into two vessels, where it was left aside for crystallization at different temperatures. Crystallization at 281 K yielded light-purple needles of [Ni(ox)-(bpy) 2 ]Á5H 2 O, (I), in 2 d. If the solution was left undisturbed for a further 2 d, a few deep-pink prisms of [Ni(ox)(bpy) 2 ]Á-4H 2 O, (II), also appeared. The crystals were isolated by filtration on a glass frit, quickly washed with water and airdried. The few crystals of the minor phase were removed manually under a microscope [yield for (I): 50%]. In contrast, crystallization at room temperature overnight yielded deeppink prisms of (II) accompanied by a few purple needles of (I). The crystals were isolated by filtration on a glass frit, quickly washed with water and air-dried. The few crystals of the minor phase were separated manually under a microscope [yield for (II): 55%]. Analysis calculated for C 22 H 26 N 4 NiO 9 : C 48. 12, H 4.77, N 10.20%; found: C 47.68, H 5.12, N 9 .95%. TGA, water loss: expected 16.4%, observed 14.4%.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . C-bound H atoms were placed at calculated positions, with C-H = 0.95 Å , and refined as riding atoms. The H atoms of the water molecules were located in a difference map and their positions were refined freely. For all H atoms, U iso (H) = 1.2U eq (parent).
Results and discussion
The crystal structure of the title complex, (I) (Fig. 1) 78.97 (5) , and the O-Ni-O bite angle is 80.79 (4) . Similar values for the geometric parameters were found in tetrahydrate (II), e.g. the corresponding Ni-N bonds are in the range 2.072 (8)-2.113 (9) Å and the Ni-O bonds are in the range 2.036 (8)-2.070 (8) Å , while the N-Ni-N bite angles are 78.0 (4) and 78.7 (4) , and the O-Ni-O bite angle is 79.9 (3) (Romá n et al., 1995) . The uncoordinated water molecules and oxalate ligands are linked together by an extensive system of hydrogen bonds (Table 2 ) which plays a key role in the crystal packing. The structure is extended in two dimensions by a hydrophilic twodimensional hydrogen-bonding network perpendicular to the a axis, which contains voids that accommodate the [Ni(bpy) 2 ] units. Within this hydrogen-bonded system, which is an unbounded two-dimensional array of fused rings, five ring patterns can be distinguished; their graph-set symbols (Bernstein et al., 1995) are R (Fig. 2a ; the respective rings are denoted R1-R5). This net can be further divided into two subsystems, namely a chain of R1 and R2 congeners (running vertically through the centre of Fig. 2a ) and a broader subsystem consisting of a fused R3/R4 pair alternating with the larger R5 (also running in the vertical direction in Fig. 2a) . Ring R5 is centred on a crystallographic 
Figure 1
The molecular structure of (I), showing the atom-numbering scheme. Displacement ellipsoids are drawn at the 30% probability level.
inversion centre. The bpy ligands containing atoms N3 and N4 (and their symmetry equivalents) extend roughly parallel to [100] and fill the space between the undulating hydrogenbonded nets. The result is that the structure is segregated into hydrophilic layers and thicker hydrophobic slabs, alternating along the a axis. In contrast, in tetrahydrate (II) a simpler twodimensional hydrogen-bonded fused-ring net perpendicular to the c axis is formed by only two topologically distinct rings, with graph-set symbols R 3 3 (8) and R 10 11 (28) (Fig. 2b , rings R6 and R7). In this case, the large ring R7, which possesses no point symmetry, has just one [Ni(bpy) 2 ] fragment projecting into its interior. A further difference between the structures is that in (I) the two [Ni(ox)(bpy) 2 ] complex molecules are hydrogen bonded to two common water-molecule bridges (ring R4, Fig. 2a ), while in (II) the complex molecules have a lesser degree of proximity ( Fig. 2b) (Romá n et al., 1995) .
Face-to-face -interactions are also present in (I). The bpy fragments containing atoms N1 (centroid Cg1) and N2 (Cg2) interact, mediating the formation of a zigzag chain parallel to the c axis [ Fig. 3a ; Cg1Á Á ÁCg2 i = 3.6025 (10) Å , dihedral angle = 1.91 (8) ]. This chain is roughly eclipsed by, and parallel to, the hydrogen-bonded fused-ring substructure Á Á ÁR2/R1Á Á Á that runs vertically through the centre of Fig. 2(a) . The neighbouring bpy ligands that include atoms N3 (Cg3) and N4 (Cg4) are coplanar and are also involved in weaker stacking interactions. The normal distance from Cg3 to the plane containing Cg4
iii is 3.4520 (7) Å , while the corresponding distance from Cg4
iii to the plane of the ring containing Cg3 is 3.4740 (7) Å ; the distance between Cg3 and Cg4 iii is 4.0266 (10) Å . In (II), only one type of stacking interaction was found (CgÁ Á ÁCg = 3.75 Å ), forming a zigzag chain-like arrangement of the complex molecules ( ]. However, the CgÁ Á ÁCg distance for the second type is shorter [3.880 (2) Å ] than in (I) (Š estan et al., 2004) . In the structure of tetrahydrate (II), some additional weak C-HÁ Á ÁO interactions contribute to the packing forces; the important geometric parameters are in the ranges 2.75 (1)-3.39 (1) Å for CÁ Á ÁO distances and 120-179 for C-HÁ Á ÁO angles (Romá n et al., 1995) . On the other hand, in pentahydrate (I) the importance of the observed C-HÁ Á ÁO interactions is considerably lower, as can be deduced from the corresponding geometric parameters; the CÁ Á ÁO distances are in the range 3.106 (2)-3.502 (2) Å , while the C-HÁ Á ÁO angles span the range 116-176 (Table 2 ). Both (I) and (II) crystallize in the same monoclinic space group P2 1 /c [the structure of (II) was reported in the P2 1 /n setting; Romá n et al. (a) The hydrogen-bonding system of (I) (dashed lines) [symmetry codes: (ii) Àx + 1, Ày, Àz + 2; (v) Àx, Ày, Àz + 1; (vi) x À 1, y, z; (vii) Àx, Ày, Àz + 2; (viii) x, y, z + 1]. (b) The hydrogen-bonding system of (II) (dashed lines). The ring motifs R1-R5 are discussed in the text. Table 2 Hydrogen-bond geometry (Å , ). (18) 173 (2) Symmetry codes:
for (I) and (II), respectively]. Nevertheless, the comparison of the two hydrates suggests that the structures are not related topotactically and the structural rearrangement from pentahydrate to tetrahydrate would require considerable structural changes.
The measured IR spectrum of (I) ( 
Figure 4
The IR spectrum of (I). bidentate oxalate ligand. The medium sharp absorption bands for sym (CO) vibrations appear at 1421 and 1285 cm À1 . In the IR spectrum of (II), the bands corresponding to these oxalate vibrations appeared at 1670, 1645, 1425, 1290 and 770 cm À1 , respectively (Romá n et al., 1995) .
In order to study the thermal stability of complex (I), its thermogravimetric (TG) and differential thermal analysis (DTA) curves were recorded (Fig. 5) . Thermal decomposition starts with the elimination of uncoordinated water molecules; a weight loss of 14.4% is observed up to a temperature of 363 K. A weight loss of 16.4% calculated for five water molecules is higher than that observed (which corresponds to 4.4 H 2 O molecules), but the discrepancy is acceptable taking into account the low temperature used for preparation and possible partial dehydration of the compound during sample preparation for thermal analysis. As suggested by the DTA curve, the endothermic dehydration is at least a two-step process. This dehydration was followed by IR spectroscopy and the spectrum of the dehydrated sample does not show the (OH) absorption band at 3300 cm
À1
. A very weak endothermic effect centred at 453 K may correspond to a release of one molecule of bpy (observed weight loss 27.9%, calculated 28.4%). Further heating beyond 613 K causes a very strong exothermic effect (maximum at 648 K) with a continuous weight loss of 43.6% (calculated 44.4% for the second bpy and oxalate).
In conclusion, from the aqueous-ethanolic Ni II -bpy-ox system, light-purple needles of the new pentahydrate of the mononuclear complex, viz. [Ni(ox)(bpy) 2 ]Á5H 2 O, were obtained by slow evaporation at 281 K, while at room temperature pink prisms of the previously reported [Ni(ox)(bpy) 2 ]Á4H 2 O complex were gathered. The colours of the two complexes clearly differ (Fig. 6) , even though the chromophores are chemically identical. Two-dimensional hydrogen-bonding systems exist in both (I) and (II), but they differ in their patterns of supramolecular aggregation. Thermogravimetric (TG, black) and differential thermal analysis (DTA, red) curves for (I).
Figure 6
Photographs of single crystals of (I) (left) and (II) (right). ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (

